I. INTRODUCTION
Exclusive reactions have been successfully used to probe hadrons at long and short distance scales, allowing us to study the interaction of elementary particles and their dynamics on the basis of Quantum Chromodynamics (QCD). At sufficiently high momentum transfer squared (Q 2 ), hard and soft physics are expected to factorize opening an opportunity for probing quarks and gluons through the Generalized Parton Distributions (GPDs). These are connected to nucleon structure, which will be probed by experiments at 12 GeV Jefferson Lab. If GPDs can be extracted from meson electroproduction, these studies would give information on flavor structure of hadrons.
Precision electroproduction data from the 6 GeV era of Jefferson Lab allowed the extraction of the separated longitudinal-transverse (L/T) structure functions (σ L and σ T ) of the pion for Q 2 of up to 4 GeV 2 at forward kinematics (low t) [1] [2] [3] [4] 6] . These provided us high precision form factor results for the pion, but also puzzles regarding the applicability of hard-soft QCD factorization that are going to be further investigated in the new 12 GeV era of Jefferson Lab.
The kaon presents an interesting way to expand these studies, opening the opportunity to investigate the role of strangeness in hadron structure and, together with pion data, study SU(3) symmetry still using the simplest available reactions. Though there were experiments in the science program of Jefferson Laboratory at 6 GeV for measuring this meson, additional opportunities for fur- * Electronic address: 43pannunzioc@cardinalmail.cua.edu ther exploring kaon electroproduction at low t are still available from 6 GeV experiments, e.g., those designed to measure pion production with kaons also in the acceptance of the detectors.
With the 12 GeV upgrade of Jefferson Laboratory, many new opportunities for exploring hadronic and partonic physics are available. A dedicated 12 GeV experiment to study the kaon production mechanism and, if possible, extract the kaon form factor is approved and schedule to run at the earliest phases of Hall C new era [5] . This will extend the Q 2 range for L-T separated kaon production cross section where we may learn more about the onset of factorization for mesons including strangeness and the meson electroproduction mechanism in general.
Beyond 12 GeV era, the Electron-Ion Collider will allow the next significant improvement of world capabilities in exploring strong interaction providing the facilities to study hadron structure beyond the valence quark region accessible with 12 GeV at Jefferson Lab.
I report in the following sections how my work has been contributing to further broad our understanding of hadron structure, in particular the kaon structure, with the support of the 2014-2015 JSA Awards Graduate Fellowships for Research at Jefferson Lab. Section II describes the analyses of kaon data and the extraction of cross sections from non-dedicated experiments at the 6 GeV era. Section III contains an update on my work towards the preparation for the study of hadron structure at the 12 GeV era of Jefferson Lab. I describe in this section my contribution to the dedicated kaon experiment at the 12 GeV era of Jefferson Lab, including the construction, assembly, and tests of the Kaon Aerogel Cherenkov Detector to be used for PID for this experiment. Additionally, I describe the work I have been doing with the Neutral Particle Spectrometer collaboration for the construction of this new spectrometer, that will allow us to study neutral particles at Hall C at 12 GeV . Finally, I summarize in Sec. IV the main outcomes of my research related to publications and presentations given in conferences.
II.
PRELIMINARY KAON STRUCTURE FROM 6 GEV DATA A large program for probing the transition from hadronic to partonic degrees of freedom on the basis of QCD has been performed during the 6 GeV era of Jefferson Lab. The results from this era have brought us the highest precision pion form factor data to date, and an interesting first glimpse at experimental signatures for hard-soft factorization necessary to access GPDs. Recent theoretical progress has resulted in renewed interest in meson form factor measurements and meson cross section data over a wide kinematic range for hard-soft factorization tests. These topics are part of the future physics topics in the 2014 QCD and Hadron Physics White Paper.
While the pion has been studied in much detail at 6 GeV , the kaon is relatively unexploited to date. It is the next simplest system after the pion available for studies offering a way to probe the production mechanism involving strangeness physics. The lack of the necessary facilities to access it has prevented detailed studies of the kaon, and there are practically no L-T separated data for exclusive charged kaon production from the proton above the resonance region. The 12 GeV era at Jefferson Lab and the envisioned Electron-Ion Collider will provide the kinematic reach for studying the kaon form factor and QCD factorization in kaon electroproduction.
Even before these 12 GeV experiments start, the JSA fellowship has supported me to analyze existing kaon 6 GeV data from different experiments that can potentially be used to extract the kaon form factor and analyze their global impact. This is possible because experiments that were designed for studies of other mesons also had kaons in their acceptance. The experiments of major interest for precise L-T separation are those from exclusive electroproduction reactions in forward kinematics (low t), where the kaon can be probed in the cloud of the proton. The Born term diagram for these reactions is show in Fig. 1 , with all the final state particles either directly measured or identified by the missing mass reconstruction.
Experiments in Hall C at Jefferson Lab are best suited for high precision measurements of cross sections at low t, a fundamental requirement for the separation of the structure functions. For instance, the FPI-2 (E01-004) and (E01-107) experiments contain good kinematics setting for the extraction of kaon cross sections. I have developed a framework to select kaon events from these experiments and extracted preliminary cross sections from E01-004 data. From now on, I will discuss details and results of this experiment only, but studies of the other experiments are already in place at the time of this report.
During the 6 GeV era, the Short Orbit Spectrometer (SOS) and the High Momentum Spectrometer (HMS) at Hall C were employed on several experiments for the measurement of the pion form factor. As these experiments were designed to measure the pion, the angle and the momenta of the spectrometers were set in order to have the center of their acceptance aligned to the mean trajectory and momenta of the electron (for the SOS) and the pion (for the HMS) for specific kinematics settings. But exclusive kaon events were also within the acceptance of these spectrometers, providing the opportunity to further study this meson in some kinematics similar to those designed for the pion. Figure 2 shows the reconstructed missing mass of the events from one of the kinematics of the FPI-2 experiment, where peaks of missing mass at the Λ mass (1.116 GeV/c
2 ) and at the Σ 0 mass (1.193 GeV/c 2 ) are clearly seen for events involving kaon production. By applying fiducial cuts on the acceptance of the spectrometers and PID cuts for particle identification one can analyze exclusive kaon electroproduction cross sections for all the kinematics in the FPI-2 experiment. Figure 3 shows the remaining events that passed all cuts for kaon identification and the Λ and Σ 0 peaks are clearly visible. As no PID was prepared to better select kaons out of all the other particles in the HMS (mostly pions), a significant background can be seen under the peaks of Fig. 3 . For the cross section analyses, a careful study of the dependence of this background with the angle between scattering and reaction planes, φ, was done and a φ dependent background subtraction was performed to extract the kaon production yields from the experiment. In addition to the background subtraction study, the components of the data acquisition and the detector were re-analyzed in detail in order to account for particle specific differences in the trigger and detector efficiencies of the experiment.
The FPI-2 experiment includes measurements in four different kinematics to extract the cross section in two regions of the Q 2 -W phase-space. The kinematics that overlap in this phase-space allow for a L-T separation of the unpolarized cross-section from the φ dependence of the cross section, according to the Rosenbluth separation
(1) Figure 4 shows where events that passed the fiducial and PID cuts and with the reconstructed missing mass at the region of the Λ mass for the four kinematics at the Q 2 -W phase-space. The Rosenbluth separation of the data could be done by cutting on the regions of the Q 2 -W phase-space where the kinematics overlap (defined by the black quadrilaterals). Since the FPI-2 experiment was not a dedicated experiment for measuring kaons, the matching of the kinematics is not optimized and a significant fraction of the high events are outside the cutting regions for the high configurations. Figure 5 shows the φ, t, Q 2 , and W distributions for the high and high Q 2 kinematic setting for events of the p(e -,e -K + )Λreaction after all the cuts were placed. Finally, after all the experimental efficiencies were taken into consideration for the normalization of the experimental yields, a Rosenbluth separated cross section model was implemented in SIMC. By running this Monte-Carlo modeling of the spectrometers acceptances and kaon decay probabilities, the parameters of the separated cross-section were adjusted in an iterative processing of SIMC. This method has been successfully used and is described in details by Horn et al. [4] . At this process, the cross-section model in SIMC was optimize to better describe the experimental yields of all the kinematics. Figure 6 shows the resulting distributions with the fitted best set of parameters by this iterative model (red curve) compared to the experimental yields (black points). As all these analyses are still under optimization at the time of this report, the y-axis labels were omitted and the final results of the cross sections are not being showed here. They will be submitted for publication as soon as we finalize the optimization and sensitivity studies to cuts and efficiencies of this analysis. Having all the analysis framework set up for FPI-2 now, my next steps will include the final cross section extraction and the analysis of the FPI-2 and other experiments (e.g., E01-107, E91-016, E93-018). The E01-107 experiment, also referred to as "Meson Duality" or simply MDuality, is already under analysis and the preliminary yields were extracted. For each experiment my analysis has to be slightly modified to take into account its particularities, especially with respect to trigger configurations. After the extraction of the kaon cross sections from these experiments, I will combine them aiming to extract the kaon form factor using the techniques applied successfully in the study of pions.
III. PREPARATION FOR THE 12 GEV HADRON STRUCTURE PROGRAM IN HALL C A. Kaon electroproduction at 12 GeV
High precision experiments with exclusive reactions designed to, e.g., probe the kaon in the 12 GeV era depend on the completion of the Hall C upgrade and the commissioning of its spectrometers. The commissioning is currently planned for 2016 and the kaon factorization experiment (E12-09-011) is scheduled for the early running phase. I am involved in the preparation for these experiments through hardware and software development.
During the last years, I started collaborating in the new 12 GeV era of Jefferson Laboratory. As a research assistant at CUA and with the JSA support, I have been involved in the construction and testing of the Kaon Aerogel Cherenkov Detector to be used in the new SHMS in Hall C. The construction of this detector is complete and I am working on performance optimizations until the detector installation planned for the end of the Summer 2015. Figures 7 and 8 show one of the detector trays that we filled in with aerogel of refractive index 1.015 and the assembled detector under tests with cosmic rays (credits for the pictures from Dr. Arthur Mkrtchyan). This detector will be important for all experiments in Hall C that need kaon identification. I have taken the responsibility for several chapters in an instrumentation paper to document all my studies on the construction and component testing of this detector. I expect to submit this paper for publication in the next months.
At the end of 2014, I took advantage of an opportunity to check the performance of the aerogel detector with beam, using a similar detector box in the P349 experiment at CERN. Collaborating with Dr. Dieter Grzonka from the Jülich Forschungszentrum (Germany), I spent two weeks working on the assembly and precommissioning, and another week at CERN for the installation of the detector and initial data taking of the experiment. The aerogel detector worked as expected in this experiment providing particle identification, which was a crucial aspect for the success of this experiment. This beam test was an important step for the characterization of the Kaon Aerogel Detector, which is part of the PID system of the SHMS/Hall-C.
B. Neutral particles
I also have started to look into opportunities to study hadron and nucleon structure through other meson channels at the 12 GeV era. Meson production could play an interesting role in nucleon structure studies and the neutral pion could be an important player in this. Recent data suggest that the neutral pion cross section is dominated by transversely polarized photons. If this is true, neutral pion cross section would allow one to access the helicity-flip GPDs. The first opportunity to investigate neutral pions at 12 GeV is with the DVCS-3 experiment. The ultimate way to learn about longitudinal and transverse contributions cross section will be with the approved E12-13-010 experiment, which provides a large kinematic reach and potential for precision cross section extraction. This measurement requires the Neutral Particle Spectrometer (NPS), a highly segmented calorimeter preceded by a sweeping magnet. The proposed data acquisition (DAQ) system of the NPS will include flash ADCs (fADCs) and is similar to the DAQ used in DVCS-3.
Supported by the JSA fellowship, I have also been working actively of the DVCS-3 experiment at Hall A, one of the first experiments of the 12 GeV era of Jefferson Lab. To learn more about hardware setup and data analysis techniques I worked on the assembly and tests of the calorimeter of this experiment, and have done several data analyses to preliminarily check the consistency of the data while the experiment is running. These activities are related to my involvement with the design of and experiments with the Neutral Particle Spectrometer in Hall C. This instrument is needed for the detection of neutral particles in this Hall, e.g. for the recently approved DVCS/π 0 experiment E12-13-010. I also contributed with GEANT4 simulations to understand the behavior of this new spectrometer under different background conditions.
In addition to this, I have been actively working in the preparation of a test laboratory for characterizing PbWO 4 crystals for the construction of the Neutral Particle Spectrometer for Hall C and studying possibilities for using these crystals for a future end-cap calorimeter for the EIC. Light yield, transmittance, and radiation hardness are important parameters to be determined from a crystal to evaluate its quality when used in these future detectors. Quantifying these features have been the focus of our attention at the present moment. The dependence of PbWO 4 light yield with temperature is known to be important, and for that reason I built a temperature controlled dark box at CUA where we have the capability to measure the uniformity response of PbWO 4 crystals. Additionally, using the Perkin/Elmer Lambda 750 Spectrometer from the Vitreous State Laboratory at CUA, I can also characterize PbWO 4 crystals to their longitudinal and transverse light transmittance. The possibility of irradiating crystals with X-rays for tests of their radiation hardness is also been studied to be performed at CUA. At the moment I have been working with a sample of crystals produced by the BTCP company in Russia, a company that does not exist anymore but that produced high quality crystals in the past. We are investigating from these studies what will be the quality requirements for the crystals to be used in the construction of the NPS. We also have a sample of crystals of the other two existing companies in the world that produces PbWO 4 crystals nowadays, SICCAS (China) and Crytur (Czech Republic). The collaboration with the team building the Panda detector for CERN (in special Dr. Rainer Novotny) has been an important aspect of this research, where I have being involved to further push the companies to produce higher quality crystals for calorimetry.
IV. RESEARCH OUTCOMES
Since 2011, I have been part of the Hall C collaboration. I have been giving talks at the annual User's Meeting about, e.g., kaon experiments in the upcoming 12 GeV era and the construction of the Kaon Aerogel Detector and the estimated performance of this detector in the SHMS. I also presented the 12 GeV program on kaon studies and the instrumentation we have been preparing at the 11 th Conference for the Intersection of Particle and Nuclear Physics (CIPANP2012) and at the APS meeting in More details of my activities can be found at my Curriculum Vitae, in my personal webpage: https: //userweb.jlab.org/~marcoapc .
